The organochlorine insecticide DDT (1,1,1-trichloro-2,2-bis(pchlorophenyl)ethane) is still used for malaria vector control in certain areas of South Africa. The strict Stockholm Convention on Persistent Organic Pollutants (POPs) allows spraying on the inside of traditional dwellings with DDT. In rural villages contaminated dust presents an additional pathway for exposure to DDT. We present a new method for the determination of DDT in indoor air where separate vapour and particulate samples are collected in a single step with a denuder configuration of a multi-channel open tubular silicone rubber (polydimethylsiloxane (PDMS)) trap combined with a micro quartz fibre filter. The multi-channel PDMS trap section of the denuder concentrates vapour phase insecticide whereas particle associated insecticide is transferred downstream where it is collected on a micro-fibre filter followed by a second multi-channel PDMS trap to capture the blow-off from the filter.
1.
Introduction DDT (1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane), an organochlorine insecticide, is still used for malaria vector control in risk regions in South Africa. The strict Stockholm Convention on Persistent Organic Pollutants (POPs) permits Indoor
Residual Spray (IRS) of traditional dwellings with DDT. IRS with DDT decreased the number of deaths caused by malaria in South Africa by 65% and decreased the number of confirmed malaria cases by 83% [1] . At present there are no effective insecticides that could replace DDT [2] .
Semivolatile organic compounds are present in air, either adsorbed onto dust particles or as free gas phase molecules [3, 4] . Exposure may be via inhalation of gas and particulate phase compounds, or by ingestion. Once larger sized contaminated particles are inhaled it deposits in the upper respiratory tract and is swallowed [5] . In rural villages contaminated dust presents a pathway for exposure to DDT, especially when the dust is disturbed during domestic activities in and around traditional dwellings. Conventional high volume collection systems for POPs are polyurethane foam (PUF) [5, 6] or polymeric resin (XAD-2 or XAD-4) [6, 7] . PUF samples total air, i.e., vapour and particulate phases, and does not distinguish between contributions from each phase. In order to sample both phases, glass fibre or quartz filters are placed upstream of the solid sorbents to first collect particulate phase pesticides while vapour phase is trapped onto the sorbent [6, [8] [9] [10] [11] [12] [13] [14] . After sampling the materials are separately extracted by Soxhlet extraction (16-36 h ) with large amounts of solvents, or by sonication [7, 9, 15] , concentrated by Kuderna
Danish or rotary evaporation, followed by nitrogen gas blow-down [6, [8] [9] [10] [11] [12] [13] [14] .
Microlitre amounts are injected for analysis. This approach is quite successful but involves many preparation steps, large amounts of solvents, loss of analyte, introduction of interferences and potential errors. Moreover, sensitivity limitations are associated with injection of only a fraction of the final 100 µL to 1 mL concentrate [16] .
Particulate phase organic compounds may be underestimated by the above procedure due to loss of the reversibly adsorbed molecules on the filter -the so called blow-off effect [8, 10, 17] . Adsorption of the gas phase fraction onto particles already collected, or by the filter itself, may also occur [8, 11] . Diffusion denuder samplers were developed to overcome the problems associated with filter+PUF samplers [11] . By placing a filter after the low-flow denuder sampler to collect the particles, the collection of gas and particulate phases is reversed from the conventional high-volume sampler [17] . Due to a difference in vapour and particle diffusivities, diffusion denuders first separate the vapour phase from the particulate phase [11] . Traditional diffusion denuders include annular, multi-capillary and honeycomb designs that are coated with various sorbents including silicone grease/gum, XAD, Tenax, Florisil [11] . Denuder fabrication procedures are cumbersome. Denuder materials are solvent extracted or thermally desorbed [11] .
The use of adsorptive sorbents in combination with thermal desorption to analyse high molecular-weight compounds is problematic due to incomplete desorption [16] .
Sample trapping using polydimethylsiloxane (PDMS) performs well in combination with thermal desorption [16] . In contrast with adsorptive concentration, PDMS functions as a hydrophobic solvent for the analytes [16, 18] .
Multi-channel configuration devices designed for air pollution studies have been utilised by Lane et al. [19] who coated a collection of glass tubes on the inside and on the outside with stationary phase, and by Kriegler and Hites [20] who used a bundle of fused silica tubes cut from a single DB-1 capillary GC column. Practical limitations were complicated instrumental arrangements and high pressure drops due to the longer length of the traps (25 -60 cm). Ortner and Rohwer [21] constructed shorter length (10.5 -12.5 cm) thick film silicone rubber (PDMS) traps in a multi-channel configuration to concentrate semi-volatile organic air pollutants. The traps were desorbed in an inlet similar to a programmable temperature vaporisation (PTV) injector. Multi-channel PDMS traps and thermal desorption in a commercial system were successfully used for monitoring of atmospheric polycyclic aromatic hydrocarbons (PAHs) [18, [22] [23] [24] . Advantages of the multi-channel PDMS trap over commercial packed or coated sorptive devices are its open tubular structure and low pressure drop associated with laminar multi-channel flow [21, 22, 24] . Compared to multi-channel traps consisting of a bundle of GC capillary columns which contain nonsorptive outer coatings, both the inside and the outside of the multi-channel silicone rubber trap provide sorptive surfaces.
Considerations for transporting of equipment and sampling in rural areas of South Africa are that electricity is not freely available, travel distances from rural areas to city laboratories are considerable, road conditions are rough both on and off-road, and cargo space is often limited. Simple, small, battery operated, off-line, field monitoring equipment is therefore preferable to bulky, expensive, conventional high flow PUF based equipment. We describe a new solventless method for the determination of DDT in indoor air: vapour and particulate phases are collected separately in a single step, with a low pressure-drop denuder configuration of multichannel open tubular PDMS traps combined with a micro quartz fibre filter. Air is drawn with a small and simple, off-line, battery-operated field sampler at a low air flow sampling rate and short collection time. by placing a micro quartz fibre filter flush between two multi-channel PDMS traps.
Materials and methods

Chemical standards
The multi-channel PDMS traps and in-line filter were held firmly in place with a polytetrafluoroethylene (PTFE) sleeve (Fig. 1) . The ends of the glass denuder were capped with glass stoppers during storage. The glass stoppers were secured with tight-fitting PTFE sleeves. The trapped analytes inside the multi-channel PDMS trap and quartz micro-fibre filter of the denuder are not directly exposed to the PTFE sleeves, thereby preventing potential adsorption of analytes onto the Teflon. ) and a short collection period (20 min).
Battery operated field pump
Field gas sampling pumps were designed and built in-house, and included a model G-12/01 pump motor from Rietschle Thomas, Memmingen, Germany. The motor was driven by a constant voltage circuit which made the pump rate independent of battery voltage. Power was supplied by a rechargeable 7 voltampere (VA) lead battery (Electronics 123, Pretoria, South Africa).
Indoor air sampling
Indoor air samples were collected from traditional round thatch-roof huts in a rural village (S 23°02'02.3" E 30°51'33. immediately after application of DDT to the walls and ceilings of the rural dwellings (0 h), after 4 h, and after 24 h since DDT-spraying.
Indoor air analyses by GC-MS
The analytes were desorbed form the first multi-channel PDMS traps were constructed by plotting response factors (peak area Analyte /peak area Internal standard )
for each of the compounds. The results of the linear regression analysis are depicted in Table 1 . Limit of detection (LOD) calculated as the concentration that gives a signal-to-noise ratio of 3. Limit of quantification (LOQ) calculated as the concentration that gives a signal-to-noise ratio of 10.
Results and discussion
Evaluation of p,p'-DDT degradation during thermal desorption and CIS injection
It is well known that DDT can degrade to DDD and DDE on a hot inlet surface.
DDT degradation is not due to DDT being thermally labile, but due to active sites in the GC inlet. Activity in the injection port liner of a GC is increased at a high inlet temperature. The boiling point of DDT is 260 °C [25] and a typical GC inlet temperature for DDT is 250 °C. Drawing conclusions as to whether DDD and DDE are due to environmental degradation rather than degradation in a GC inlet are therefore problematic. In general, an accepted break-down limit of p,p'-DDT degradation in the inlet is 15% [26] . p,p'-DDT degradation in the inlet often exceeds 15% and can be as high as 65% [27] . The Gerstel CIS is a programmed temperature vaporising injector (PTV) resulting in injection at a lower temperature.
CIS inlet liner dimensions (2 mm ID, 70 mm long) are smaller compared to conventional GC inlet liners (4 mm ID, 78 mm long). Therefore, the potentially active glass surface area of a CIS liner is relatively small compared to a regular inlet liner.
To evaluate the potential for degradation of p,p-DDT during thermal desorption and CIS injection, multi-channel PDMS traps were spiked with 1 ng µL -1 of p,p'-DDT degradation solution (section 2.1). The spiked multi-channel PDMS traps were desorbed using various TDS and CIS heating rates ( Table 2 ). The CIS was heated from -50 ºC to 250 ºC and the TDS from 30 °C to 280 °C for all experiments.
Degradation of p,p'-DDT (22%) was the greatest at a slow TDS heat rate (10 ºC min ) and a slow CIS heat rate (3 °C s -1 ) ( Table 2) . Analyte degradation (8%-11%) decreased at faster TDS and CIS heating rates (Table 2 ). Slower heating rates result in prolonged analyte contact time and an associated increase in degradation.
Inlet liners were replaced regularly with new deactivated liners to control DDT degradation. TDS-CIS injection was then compared to isothermal injection at 250 ºC with the same CIS inlet, only now the inlet was in conventional GC inlet mode (septumless samplehead) instead of CIS-PTV mode. Conventional isothermal injection of 1 µL of the inlet degradation solution at 250 ºC produced p,p'-DDT degradation of 36% (Table 2 ). This confirmed that TDS and cryogenic focusing of analytes prior to injection, followed by injection with ramped heating of the inlet to 250 ºC, is a milder sample introduction technique, causing less p,p'-DDT degradation, when compared to conventional isothermal injection at 250 ºC. , and overlays of chromatograms of indoor air prior to DDT IRS and after DDT IRS. The many benefits of TDS-CIS are depicted in Table 3 . A disadvantage is that thermal desorption consumes the full sample, preventing repeat injections often performed for liquid extracts (Table 3) . Storage of an analysed sample is also not possible. The rather substantial cost of a TDS-CIS system may be considered against the cost saving gained by a sample preparation-free and solvent-free system. Instead of liquid nitrogen, a packed liner may be used to focus DDT at room temperature. The advantage of two separate airborne contaminant phases can still be attained by laboratories not equipped with a TDS. In such cases PDMS and filter denuder materials may be solvent extracted. Table 3 Advantages and disadvantages of thermal desorption/injection (TDS-CIS) 
p'-DDT, o,p'-DDT, p,p'-DDD, o,p'-DDD, p,p'-DDE and
o,p'-DDE in indoor air over a 24 h period. Airborne DDT was present in both vapour phase and in particulate phase in indoor air prior to DDT-spraying (Table 4) . Directly after indoor residual spraying (IRS) vapour phase and particulate phase mean (n=5) Σ DDT increased. A recommendation is that inhabitants should remain outside their dwellings for at least an hour after technical DDT application [28] . However, 24 h after IRS vapour phase mean Σ DDT was at a maximum (possibly due to DDT spray drift from a larger number of huts sprayed in the village within a 24 h period).
Particulate phase mean Σ DDT showed a minor decrease over a 24 h period after [29] , is reported to show highest bioaccumulation in human fatty tissue when compared to DDD and DDT [29, 30] . It is assumed that phase distribution of the compounds depend on the particulate mass concentration and the ambient temperature: the higher the temperature the more the equilibrium shifts to the gas phase [8] . 
IRS (under undisturbed dust conditions). Mean (n=5) Σ DDT was largely present as vapour phase in indoor air (Table 4). Compared to DDT and DDD, vapour phase fractions of p,p'-DDE were lower. p,p'-DDE, a potent endocrine disrupting chemical
Ratios of o,p'-DDT relative to p,p'-DDT
Technical grade DDT (75% wettable powder) used for IRS in South Arica contains 72-75% of p,p'-DDT, the active ingredient, and ~22% of o,p'-DDT [28, 31] .
Prior to, and directly after DDT-spraying, vapour phase p,p'-DDT and vapour phase o,p'-DDT were present in approximately equal ratios, while particulate phase p,p'-DDT was higher than particulate phase o,p'-DDT (Fig. 3) . However, 4 h to 24 h after DDT-spraying vapour phase p,p'-DDT (~36%) was considerably lower than vapour phase o,p'-DDT, whilst after 4 h particle phase p,p'-DDT was considerably greater than particle phase o,p'-DDT. Twenty four hours after IRS particle phase p,p'-DDT was less than particle phase o,p'-DDT. Bouwman et al. [28] 
This unusual o,p'-DDT/p,p'-
DDT ratio is not typical of technical DDT, instead it is somewhat similar to the ratio of dicofol-associated DDT [32] .
Because p,p'-DDT degrades to p,p'-DDE only under aerobic conditions and to p,p'-DDD only under anaerobic conditions [33] [34] [35] , it can be safely concluded that the DDT products used prior to and during IRS 2007 contained very little p,p'-DDT relative to o,p'-DDT. Since it is only p,p'-DDT that is effective against the malaria carrying mosquito this diminished insecticidal potency represented by the low levels of p,p'-DDT present in DDT products is a major cause for concern. Of interest is that an investigation of POPs in the Southern Hemisphere resulting from atmospheric transport showed that soils from the Eastern coast of Antarctica also contained higher proportions of o,p'-DDT relative to p,p'-DDT [36] .
Ratios of DDD and DDE relative to DDT
Total airborne DDT, DDD and DDE was calculated as the sum of vapour and particulate phases (VP+PP) ( Table 4 ). The level of total airborne DDD (3.77 µg m ) prior to DDT-spraying, and as well as over a 24 h period after DDT-spraying (Table 4 , Fig.3 [37] . p,p'-DDT in the environment degrades to p,p'-DDD under anaerobic conditions and to p,p'-DDE under aerobic conditions [33] [34] [35] . Therefore, DDE formation is favoured in well aerated soil [12] . Because emissions from residues present in soil is a source of pollutants in air [12] , DDE rather than DDD is expected to be present in the indoor air of the huts. Thus, the surprisingly elevated level of total (gas+particulate phases) airborne DDD prior to IRS is not the result of weathered DDT, since under the prevailing conditions DDE formation is favoured over DDD. Directly after DDTspraying total airborne DDD of 7.59 µg m -3 was double the amount of total airborne DDD just prior to DDT-spraying (Table 4 ). This implies that DDT products used during IRS 2006 and IRS 2007 seasons contained a significant amount of DDD.
). Technical DDT contains, as by-products, less than 1% o,p'-DDD, p,p'-DDD, o,p'-DDE and p,p'-DDE
Prior to DDT-spraying total airborne DDD constituted 71% of total airborne Σ DDT while after DDT-spraying total airborne DDD constituted ~57% of total airborne Σ DDT. Alarmingly, it appears that the IRS DDT product used at the time of our study contained significantly less than the required ~73% p,p'-DDT, and an unusually high level of DDD. 
Comparison of PUF and denuder (multi-channel PDMS trap + filter + multichannel PDMS trap) samplers
Indoor air of the huts was sampled concurrently by PUF and denuder (multichannel PDMS trap+filter+multi-channel PDMS trap) samplers directly after DDTspraying, after 4 h and after 24 h and the results are shown in Table 5 DDT spray drift from a larger number of huts sprayed within a 24 h period. Spray drift would also explain the elevated levels of Σ DDT observed after 24 h for both PUF and denuder samplers. The total airborne concentrations were slightly higher in samples collected by denuder samplers than those collected by PUF (Table 5 ). This trend was also observed for atmospheric PAHs collected by diffusion denuder+filter vs. filter+PUF [8, 9, 15] Because sample preparation steps are completely eliminated, the potential for Denuder device (multi-channel PDMS trap+filter+multi-channel PDMS trap) distinguishes between air borne vapour phase and air borne particulate phase, whilst PUF does not. Enantiomeric analysis would eliminate uncertainties as to whether the fraction of DDD present in the environment is due to dubious IRS products or to the ageing of DDT. Our method is not limited to DDT, and can be used for air pollution monitoring of additional POPs and PAHs.
Conclusions
